After rain events in densely populated areas, combined sewer overflows (CSOs) can have severe health-related effects upon surface water quality, as well as diffuse overland runoff and wastewater treatment plants (WWTPs). All of these sources emit pathogens and fecal indicator bacteria into the surface water, which the EU Bathing Water Directive addresses by giving threshold values for the indicators Escherichia coli and intestinal enterococci. This study presents a comparison between 21 scenarios of costs for processes that reduce the load of Escherichia coli and intestinal enterococci into the Ruhr River during and shortly after rain events. The methods examined include UV irradiation for WWTPs, integrated sewer management and treatment of CSOs with vertical flow constructed wetlands or performic acid. For pollution by diffuse overland flow, we evaluated organizational measures. The treatment of only diffuse pollution shows merely a slight effect on intestinal enterococci, but none on Escherichia coli and hence, was not considered further. Combining all three CSO reduction methods with the irradiation of WWTP effluent provides the best simulation results in terms of reducing both indicator bacteria.
INTRODUCTION
The Ruhr River does not meet bacteriological standards as defined in the EU Bathing Water Directive as it passes the city of Essen in western Germany and surrounding areas during and 48 hours after rainy weather days. As the main cause of this, combined sewer overflows (CSOs) have been identified as the most relevant pathways of pathogens in such cases: when CSOs mix with the effluent of wastewater treatment plants (WWTPs) and diffuse pollution, they create a microbial water quality unsuitable for swimming (Tondera et al. b) .
Municipalities are obviously interested in finding costeffective solutions for improving surface water quality so as to allow public bathing. This study presents scenarios for disinfecting the outlet of relevant WWTPs, storage tanks and storage sewers with the highest discharge volumes, using the example of Escherichia coli (E. coli) and intestinal enterococci (I. E.). The impact of overland flow is complicated to evaluate and to treat (Schreiber et al. ; Tondera et al. b) . Nevertheless, 'soft measures' can help to reduce its impact on the surface water quality (Kay et al. ) , such as improving riparian strips.
In Europe, UV irradiation is one of the most common techniques for disinfecting WWTP effluents and, thus, is considered here. Although storage tanks and storage sewers are able to detain settleable solids to a certain degree, smaller and dissolved contaminants as well as bacteria, viruses and parasites are discharged into the surface waters. One of the most effective measures for retaining the latter is to reduce the frequency and size of discharge events with integrated sewer management (ISM) (Dirckx et al. ) .
When overflow reduction reaches its limits, bacteria, viruses and parasites can be detained and even eliminated via special vertical flow constructed wetlands. The retention of bacteria from CSO in vertical flow constructed wetlands or biofilters, called 'retention soil filters' in Germany for historical reasons, has been proven on a large scale: investigations in the recent 10 years show a retention and elimination of 1 to 2 log 10 (90-99%) for E. coli and I. E. (Waldhoff ; Tondera et al. ; Scheurer et al. ) . A clear disadvantage is their need for building area, which can be up to 1% of the catchment area (DWA-M  ).
There have only been a few large scale investigations on performic acid (PFA) used in pilot scale applications at CSOs (Chhetri et al. ; Tondera et al. a) . It is already used for disinfecting the outlet of WWTPs (Ragazzo et al. ) . The response time for an effect on microorganisms is very short, and E. coli and I. E. seem to be reduced sufficiently at doses from 6 to 10 mg L À1 (estimated from Chhetri et al. ; Tondera et al. a) .
For this study, we simulated the possible impact on the pathogen load discharged into the river between the level gauge Hattingen upstream the project area and Lake Baldeney, a river arm popular for recreational purposes (Figure 1 ). These scenarios include costs and effects for the described treatment options. Although the most relevant sources for both E. coli and I. E. are CSOs, an additional important source for I. E. derives from diffuse overland pollution (Tondera et al. b) . Hence, removing both indicator bacteria might require different measures, thus leading to different costs.
METHODS

Impact on the microbiological water quality: Monte Carlo simulation
In the aforementioned and recently published pathway model, microbial loads into the Ruhr River within the project area were calculated using a Monte Carlo approach (Tondera et al. b) . The concentrations for each pathway, which served as input values to calculate the microbial loads during rainy weather days, are given in Table 1 . The external inflow into the survey area can be provided by daily recorded effluent data from the Essen-Burgaltendorf, -Sued, and -Kupferdreh WWTPs and daily measured precipitation within the project area. For the two largest tributary streams with sufficient data, inflow values were considered as well.
To evaluate the water quantity discharged by CSOs, we combined the effluent data from the WWTPs with precipitation data. The days from the years 2010 to 2012 were divided into dry weather days (precipitation sum less than 1 mm at the same day and less than 1 mm on the preceding two days) and rain days (all other). From the monthly sums of dry weather flow and wet weather flow, the CSO could be determined by calculating the difference of the mean dry and rain weather flow and the relevant surface runoff in the catchment area, the latter of which is determined with runoff curve number and impervious area. The model calculates distributions from 10 6 normal distributions for both microbial concentrations and possible flow volumes for each pathway. In order to evaluate the effect of potential measures, we calculated a median scenario from the Monte Carlo simulation (basic scenario). Furthermore, hydraulic efficiencies were considered as well as treatment efficiencies.
For the treatment scenarios, the altered loads were simulated and the total log reduction over all pathways calculated in comparison to the basic scenario. In total, 21 scenarios were simulated, of which 17 are presented in Table 2 . Not displayed are the basic scenario and the scenarios including diffuse pollution (scenarios 4a to 4c).
To compare the cost-effectiveness of the different treatment measures, we calculated the total possible reduction of microbial loads due to this measure and related it to the yearly costs necessary to provide this treatment. Since operational as well as investment costs might differ due to market situation or operating conditions of a water company, a 50% reduction as well as additional costs were calculated for both positions.
The outcomes of the reductions for E. coli and I. E. were compared with each other in order to estimate the most efficient treatment option for both indicator bacteria.
All cost calculations were made based on the dynamic cost comparison method as presented in DWA () for wastewater treatment. This guideline helps to compare all accumulating costs during the time span of a technical construction, including investments, re-investments, maintenance and operation as well as interest and inflation. For the following scenarios, we chose the standard interest rate given in DWA () of 3% and neglected the effect of inflation. The net investment costs were calculated by deducting the current German VAT of 19%. However, it is not possible to say whether such a reduction in the real catchment area might lead to the simulated reduction; nonetheless, it shows how these problems can be approached in more detailed investigations. The method was built up in such a way that the approach can be easily transferred to other areas when the largest entry paths are well understood.
Treatment of overland flow (diffuse pollution)
To reduce the discharge of pathogens into the Ruhr, cooperation partners can organize voluntary agreements with agriculturalists, as they are already hired nowadays with a focus on minimizing the use of pesticide, nitrate and phosphates. Consultations contain, for example, advice on the use of manure as fertilizer, or the installation of riparian strips.
Microorganisms can also be reduced by improving the storage of liquid manure. Investigations by Güde et al.
() showed a significant decrease in pathogen loads after liquid manure was stored for three months, which led to a total reduction of E. coli in the manure. For the scenarios 4a to 4c, we assumed that reasonable measures could reduce the total E. coli load discharged into the river by 5, 10 or 15%, respectively. In comparison to the other measures, values of the estimated reduction for diffuse pollution did not show any resulting reduction on a log scale for E. coli. Furthermore, there was only a very slight reduction of 0.01 log 10 for the total load of I. E. in the case examples of 10% and 15% reduction of the total load, respectively. Thus, diffuse pollution was not considered any further, and cost calculations were limited to WWTP effluent treatment and CSO reduction and treatment.
Treatment of WWTP effluent
Three WWTPs discharge into the Ruhr River upstream near a popular beach, a location of illegal swimming in the so-called river arm Baldeneysee. UV irradiation was chosen as measure here, since it is the most common way of disinfecting the effluent of WWTPs in the European Union. Scenarios 2a to 3b predict a mean reduction of 1.5/2.5 log 10 of both E. coli and I. E. in the effluent of a WWTP due to this treatment technique. The reduction rates were estimated conservatively based on our own investigation in the project area (Sichere Ruhr ) and Francy et al. () . We took into account that the hydraulic retention time in the UV reactor is shorter during and after rainfall due to the increased inflow into the WWTP.
To calculate the costs of installing UV irradiation, we estimated the investment costs according to the information of DWA-M  (). This guideline gives gross investment costs depending on the population served by each WWTP, including utilities.
Treatment of CSOs
Integrated sewer management
The city of Essen and the surrounding cities in the project area have not yet implemented ISM (to date: June 2014). The four cities have sewers with a total length of 3,360 km, though not exclusively in a combined system. Since too little is known about its grade of efficiency, it is difficult to estimate to which degree further detention volume can be mobilized. The following evaluation is based on case studies from Scheer (), who developed scenarios for cities in Germany, including costs for single installations and comprehensive control systems. As detailed data for the sewer system in the project area are lacking, we estimated the need for additional infrastructure, since the total costs strongly depend on available documentation and data of the system as well as on its general condition. Hence, a detailed feasibility study is necessary to evaluate the situation of the sewer system. For this study, 15% of the net investment costs were estimated and a surcharge of € 250,000 for implementation planning at single structures. For the central systems, the recovery period for these costs is 30 years. In Tondera et al. (b) , the volumes of CSO discharge are calculated based on the effective surface runoff not treated in the WWTPs at a precipitation of more than 1 mm in canalized areas. For this study, the estimated CSO discharge volumes that could be reduced are evaluated by iteratively approximating the extra amount of surface runoff that could be treated when stored effectively in the sewer system and comparing it with the precipitation data during bathing season (1 May to 30 September). We estimated a possible reduction of 5, 10 and 15% CSO volumes, an assumption based on case studies by Scheer () and Dirckx et al. () . At the same time, the inflow to the WWTPs was increased by this amount for the simulation, since the flow volumes are treated in the WWTPs after the end of the rainfall event.
CSO-CWs and PFA treatment
The most relevant storage tanks and sewers were identified according to their yearly discharge into the Ruhr. Only storage tanks were chosen that discharge into the Ruhr after the level gauge Hattingen (Figure 1 ; offset) and before the Ruhr River enters Baldeneysee; in total eight storage tanks and sewers. The storage tanks and sewers were evaluated via geographic information system (GIS) maps according to the relevance of their discharge points to the bathing areas. For the sites in question, it was checked if either constructed wetlands for combined sewer overflows treatment (CSO-CWs) or treatment with PFA could be applied effectively.
Due to the stochastic occurrence of CSOs, the treatment is always divided into hydraulic and reduction efficiency. Hydraulic efficiency describes the flow volume that could be treated and would not have to be discharged untreated on a by-pass; reduction efficiency describes to which extent E. coli and I. E. might be removed. Since hydraulic efficiency differs from event to event, we calculated different options: 50, 65 and 80% for CSO-CWs On different GIS maps, possible areas for CSO-CWs were identified according to their distance to discharge points and other infrastructure. The scenario does not take demesne, slope or pollution control regulations into account.
In a densely populated area such as the project area, the construction of new CSO-CWs is, of course, only possible when sufficient building area is available. The locations of the discharge points were analyzed as to accessible unpaved areas or areas that are currently not in use, such as brownfields. For this scenario, the surface area and detention volume needed were approximated by dividing the total discharged volume per year with the number of events. Tanks with overflows of less than 20·a À1 were not considered suitable for CSO-CWs, since water stress causes the filters to malfunction. For three facilities, suitable areas could be identified.
CSO-CWs are usually designed to have a detention height of 1 m above filter level. According to the state guideline of North Rhine-Westphalia, a maximum of 50 m 3 m À2 ·a À1 should be filtered. In order to estimate the treatable water volume, we used rule-of-thumb method. Since CSOs differ from event to event, CSO-CWs cannot be dimensioned to treat the total discharge from the storage tank. Thus, the treatment volume was estimated at 70% of the total discharge.
For filters with a size of more than 2,000 m 3 , investment costs are approximately € 275·m À3 including VAT, planning and building (Hillenbrand & Böhm ; GVLH ). Operational costs can be estimated to be € 5-10 m À3 ·a À1 (Hillenbrand & Böhm ) .
For the remaining five storage tanks with an overall median annual discharge of 700,000 m 3 , we assumed that these discharge points can be expanded by adding a station for treatment with PFA. The costs for PFA treatment were calculated according to information given by the company Kemira for the treatment unit DESINFIX ® . In general, a decentralized PFA installation could treat the full flow volume, but due to the fluctuating inflow of CSO, the PFA concentration will not remain constant. For this reason, we took this effect into account by varying the hydraulic efficiency with 50, 75 and 100% of the total discharge and the load reduction with 3.0 log 10 for E. coli and 2.5 log 10 for I. E. (based on Tondera et al. b) . The resulting arrangement is given in Figure 1 . Table 3 shows total loads for the basic scenario (median scenario from Monte Carlo simulation) during rainy weather days in an average bathing season (May to September). Of these, 81% stem from CSOs, 13% from WWTPs, 3% from river base flow, while tributary streams and diffuse pollution only contribute approximately 1.5% each. For I. E., diffuse pollution plays a more relevant role as the second strongest discharge source with 18% of the total load after CSOs with 72%. WWTPs contribute only approximately 5% during rainy weather days, and tributary streams and Ruhr river base flow 2.5% each.
RESULTS
The results for costs are given in Table 4 . Figure 2 shows the simulated median log reduction for E. coli and I. E. compared with the relative costs for the reduction of 0.01 log 10 of each indicator organism during the bathing season (five months; May to September). The error bars show that even when the relative costs are over-or underestimated by 50%, the general trend of the results remains the same.
Treatment of WWTP effluent
When the indicator bacteria are reduced by UV disinfection in WWTPs alone (scenarios 3a and 3b) and discharged with the effluent, the total microbial discharge into the Ruhr River was only reduced by 0.02 log 10 for E. coli and 0.06 log 10 for I. E., while the relative costs for E. coli were the highest. There was no significant difference between an estimated efficiency of the UV irradiation of 1.5 or 2.5 log 10 on the total discharge of all three sources, which can be explained by the relatively low loads discharged by WWTPs. 
Treatment of CSOs
Integrated sewer management
There are more days with less pollution in the river when ISM is used. A 15% reduction of CSO discharge is equivalent to the extra amount of surface runoff that would have to be treated if precipitation of up to 4 mm did not lead to CSOs. Yet, when the available data of 2000 to 2012 in the bathing season (without ISM) is used to evaluate the rain days with possible overflows, 104 days on average are considered as such. This means that on these days, precipitation is higher than 1 mm on the current day or on one of the two days before, which might lead to values exceeding the threshold value of the Bathing Water Directive (Tondera et al. b) . After measures for ISM were simulated, rain days would be considered as days with 4 mm of precipitation on the current day or on one of the two days before. On average during the chosen 13-year period, only 72 days would then be considered as rain days and the other days as possible bathing days in terms of the Bathing Water Directive, which is a considerable increase of potential bathing days of 65%.
Since four different municipalities are in charge of the sewer system, each city would need a separate control center. Estimated total investments with recovery period and running costs are given in Table 4 . These costs include hardware, software and training of employees, additional computing capacity for optimization and further training; furthermore, it is assumed that no additional building space is needed, but it can be provided within the municipality. The running costs include operation, service, maintenance and control. At single tanks, however, additional costs might occur. Thus, costs are estimated for retrofitting the 12 selected tanks with the highest overflow volumes and for 12 additional tanks. If the existing measurement structure is taken into consideration, each tank will have to be retrofitted according to Scheer () with a manhole and an electrical control cabinet. Data processing related costs, such as costs for data transmission, an outstation, the integration of devices into the process control system, control strategy and operating plan might lead to additional costs. According to Scheer (2008) . c According to Hillenbrand & Böhm (2004). d Information provided by Kemira.
Two storage sewers and one storage tank fulfilled the criteria for constructing CSO-CWs as far as size and available area are concerned. When all three storage facilities and available areas are added together, approximately 17,000 m 3 of treatment volume could be covered by CSO-CWs. Investment and planning costs accumulate to approximately € 5.3 million. For PFA treatment, the operational costs vary almost linearly with the volume treated. However, a commercially available standard unit for PFA treatment can disinfect up to 70,000 m 3 , depending on the concentration added, and is thus considered sufficient for one season. The maintenance for this system was estimated to be five hours per month for the eight units at € 60 h À1 .
In addition to the increase of possible bathing days due to ISM, the microbiological quality of the Ruhr River would not be compromised as much as today on days with only low CSO discharge volumes if CSO-CWs and treatment with PFA were implemented.
Since the original sources of I. E. are distributed differently from those for E. coli, different costs occur: if the relative costs for the reduction of 0.01 log 10 of I. E. divided by the relative costs for the reduction of 0.01 log 10 of E. coli equals one, it means there is an equally good reduction of I. E. as for E. coli. This was the case for the scenarios 1b to 1d and scenarios 1a; 1e to 1i were only slightly different, with 0.9. Values below one show a lower reduction of I. E.: scenarios 2c to 2f show values of 0.6-0.7; scenarios 2a, 3a and 3b 0.4-0.5; and scenarios 2b only 0.2.
DISCUSSION
The total costs for UV irradiation summarized in Table 4 include a reduction of the dry weather flow as well, since this study could not distinguish between operational costs during dry weather and rain days for WWTP effluent treatment. The scenarios 2e and 2f could be of interest when this effect is considered: although the costs for E. coli reduction are somewhat higher than for the scenarios 1h and 1i, they also provide the highest overall reduction for E. coli. However, the reduction for I. E. is 20% lower than in the aforementioned scenarios, which are in total the most costeffective scenarios and constitute a total load reduction of up to 0.29 log 10 (scenarios 1 h and 1i).
The additional use of PFA at certain discharge facilities results in highly effective treatment and relatively low costs; however, there is still no long-time experience with the use of PFA units at decentralized stormwater facilities. In addition, there are some questions that need to be addressed before PFA treatment is implemented on a large scale. Tondera et al. (a) investigated the treatment of combined wastewater with considerably high concentrations between 12 and 24 mg·L À1 and observed an increase of DOC as well as a decrease of the pH value correlating with the PFA concentration. Chhetri et al. () conducted toxicity tests on CSO treated with PFA (4 mg·L À1 ) on a laboratory scale using Vibrio fischeri and did not find clear evidence for an increased toxicity.
Notwithstanding, the overall number of trials on this matter to date is low. Hence, chemical parameters should be monitored carefully in further trials accompanied with eco-toxicity and toxicity tests in order to determine whether the drop of pH and the increase of DOC cause a significant problem for the surface water quality after discharge is diluted in the receiving surface water body.
The calculation for CSOs does not differ between seasons and provides a scenario for the whole course of the year. Since measurements at overflows show a considerable amount of uncertainty (Weyand ; Zahiri et al. ) , these values might be overestimated. Hence, the total costs for all three reduction and treatment measures given in Table 4 might be lower when applied on a large scale.
If only ISM is applied with an estimated reduction of the overflow volume of 10 to 15% (scenarios 1b and 1c), the relative costs are within range of those with a greater number of treatment options (e.g. scenarios 1g, 1h, 2e and 3f), as can be seen in Figure 2 . Although the total load reduction is quite low, with a maximum of 0.05 log 10 for both E. coli and I. E., the aforementioned increase of days without overflow events has to be acknowledged.
As shown above, the varying scenarios can have different effects on the indicator bacteria: the stronger the influence of the WWTP effluent is on the total microbial load, the stronger the reduction of E. coli compared with I. E. This can be explained by looking at the different total loads from the pollution sources as given in Table 3 . In the project area taken as basis for this study, E. coli exceeds the threshold values of the Bathing Water Directive more often than I. E. (Tondera et al. b) . Thus, its reduction has to be given a higher priority when treatment options are chosen.
CONCLUSIONS AND OUTLOOK
CSOs contribute most significantly to the E. coli and I. E. load in the Ruhr River near Essen in western Germany. Thus, reducing the discharge volumes and partially reducing the remaining bacterial loads should be considered during and shortly after rain days. The different distributions of sources providing the total load of E. coli and I. E. have to be considered when treatment options are chosen. This was done in a comparison of 21 simulated treatment scenarios for rain days. While the treatment of diffuse pollution only revealed a very low reduction of I. E. and no significant one for E. coli, the most cost-effective treatment for both indicator bacteria can be achieved by reducing and treating the CSO discharge using ISM, constructed wetlands for CSO treatment and disinfection with PFA. Additionally, treating the effluent of relevant WWTPs with UV irradiation increases the relative costs and removes I. E. 20% less than E. coli, but also reduces the bacterial load into the river to the highest possible overall amount. Furthermore, it provides the benefit of additional microbial reduction of the WWTP effluent during dry weather days.
